Smoke taint in wines from bushfire smoke exposure has become a concern for wine producers. Smoke taint compounds are primarily derived from pyrolysis of the lignin component of fuels. This work examined the influence of the lignin composition of pyrolysed vegetation on the types of putative smoke taint compounds that accrue in wines. At véraison, Merlot vines were exposed to smoke generated from five vegetation types with differing lignin composition. Smoke was generated under pyrolysis conditions that simulated bushfire temperature profiles. Lignin and smoke composition of each fuel type along with putative smoke taint compounds in wines were determined. The results showed that, regardless of fuel type, the commonly reported guaiacyl lignin derived smoke taint compounds, guaiacol and 4-methylguaiacol, represented about 20% of the total phenols in wines. Quantitatively, syringyl lignin derived compounds dominated the total phenol pools in both free and bound forms.
Introduction
Much of the global wine grape crop is produced in Mediterranean-type environments (Jones et al., 2005) where fire is a frequent occurrence (Keeley et al., 2011) . While fire and the resultant smoke play an influential role in shaping natural ecosystems in these environments (Keeley et al., 2011) , smoke from such fires can also potentially taint grapes and consequently wines if smoke drifts through vineyards in the landscape while vines are bearing fruit (Whiting & Kristic, 2007) . Several recent investigations of smoke exposure from either experimental fires using model vegetation fuels (Kennison et al., 2008; Sheppard, Dehsi, & Eggers, 2009) or wild/prescribed fires (Hayasaka et al., 2010a; Singh et al., 2011, in Press) have established that grapes exposed to smoke from pyrolysis of vegetation fuels produce wines with elevated levels of substituted phenols that impart undesirable organoleptic properties.
Smoke-borne compounds that are considered responsible for smoke taint in grapes or wines are thought to originate primarily from pyrolysis of the lignin component of vegetation fuels (Hayasaka et al., 2010a; Singh et al., in Press) analogously to that which occurs in smoke used for curing/flavouring of food (Gilbert & Knowles, 1975; Tóth & Potthast, 1984; Wittkowski et al., 1992) . Lignin is derived mainly from polymerisation of three monolignol precursors: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (Pettersen, 1984; Fahmi et al., 2007; Weng & Chapple, 2010) , which respectively constitute the phydroxyphenyl, guaiacyl and syringyl units of lignin. When pyrolysed, these lignin units release respectively phenol, guaiacol and syringol along with their substituted forms such as methyl, ethyl, propyl, vinyl, allyl, propenyl (Gilbert & Knowles, 1975) . The lignin makeup broadly varies with vegetation type. Lignin of grasses contains all three precursors (Ralph & Hatfield, 1991; Fahmi et al., 2007; Buranov & Mazza, 2008) ; in lignin of angiosperm hardwoods, syringyl units dominate while most of the balance is from guaiacyl units with a minor contribution of p-hydroxyphenyl units (Pettersen, 1984; Rencoret et al., 2011) ; whereas lignin of gymnosperms, such as pines, predominantly contains guaiacyl units with some p-hydroxyphenyls but lacks syringyl units (Lebo, Gargulak, & McNally, 2001; Pettersen, 1984; Weng & Chapple, 2010) .
Several variables can affect the composition of lignin pyrolysis products in smoke and subsequently the types of lignin-derived putative smoke taint compounds that accrue in wines made from smoke exposed grapes. These include firstly, the monolignol composition of pyrolysed vegetation. Even for a given vegetation, its lignin makeup may vary as a function of its age (Rencoret et al., 2011) , the proportion of various plant components (Yokoi et al., 1999) , and state of decay of the fuel which can alter the monolignol composition due to preferential demethoxylation of the dimethoxy-or methoxy-substituted phenylpropanoid units, i.e., degradation of syringyl and/or guaiacyl units, by rot-fungi (Vane et al., 2005; Faix et al., 1991; Schmidt, 2006; Higuchi, 1990 and references therein). Secondly, pyrolysis conditions, particularly temperature and oxygen availability (Simon et al., 2005; Guillén & Ibargoitia, 1996; Tóth & Potthast, 1984) can affect lignin pyrolysis products. While lignin may start to pyrolyse at temperatures as low as [280] [281] [282] [283] [284] [285] [286] [287] [288] [289] [290] o C (Browne, 1958; Butt, 2006) , the composition of lignin pyrolysis products varies as temperature increases, with yields of the organoleptically important phenolic compounds in smoke reportedly peaking in the region of 559°C (Guillén & Ibargoitia,1996) and 650°C (Tóth & Potthast, 1984) . The above variables underscore the need to define vegetation type, fuel and pyrolysis conditions and smoke composition in order to compare results across studies as well as to explore the links between these factors and the types of putative taint compounds that accrue in grapes and wines.
However, such definitions are rather rare in most of the smoke taint studies in grapes and wines to date.
The earlier work on smoke taint in grapes and wines focussed on two guaiacyl lignin derived phenols: guaiacol and 4-methyl guaiacol (Kennison et al., 2007 (Kennison et al., , 2008 Sheppard et al., 2009 ). However, it has been pointed out that smoke affected wines have sensory properties additional to those expected from these two phenols. This suggests other phenols in smoke are contributing to the extra undesirable sensory effects. Recently, Hayasaka et al. (2010a) and Singh et al. (in Press) have shown that there are indeed several lignin pyrolysis products in bushfire smoke affected wines at elevated levels. Although these findings broaden our understanding of the range of putative taint compounds that can accrue in wine as a result of smoke exposure, these do not allow for exploring the link, if any, between vegetation type of the smoke source and the types of taint compounds that accrue in grapes or wines.
In the work reported here, a controlled and replicated smoke generation experiment was carried out using vegetation fuel sources that differed in their lignin makeup. The aim was to expose fruit-bearing mature Merlot vines to the resultant smoke and to examine the accretion of putative smoke taint compounds in wines in relation to the lignin makeup of the fuels as well as the smoke emissions. For this purpose, five distinct and major vegetation types with varying lignin composition were used. Each fuel type was (1) reconstituted in proportion to biomass components that burn in a decadal fire event and (2) pyrolysed under conditions that reproduce wildfire temperature profiles (Gould et al., 2007) . Recent work has shown that, at least in young wines, the putative smoke taint compounds are predominantly sequestered as glycoconjugates and only a small proportion is present as volatile phenols (Hayasaka et al., 2010a; Singh et al., 2011, Singh et al., in Press; Kennison et al., 2008; 
Materials and Methods

Fuel types and fuel compilation
The experiment was carried out in the Margaret River wine region (33º57′S, 115º01′E), in the south west of Western Australia. In this viticultural region, vineyards typically adjoin forested and/or grassed landscapes. The vegetation of these landscapes contains mainly hardwood species such as jarrah (Eucalyptus marginata Donn ex Sm.), karri (E. diversicolor F. Muell.) and marri (Corymbia calophylla Lindl.); plantations of the softwood species radiata pine (Pinus radiata D. Don.); and pasture grasses such as wild oats (Avena fatua L.).
Thus, for this study, five biomass fuels representing each of these main vegetation types were used as fuel sources. The fuels were stored in thin layers for several weeks to equilibrate their moisture contents. After drying, each of the tree fuels for smoke generation was compiled from foliage, duff, twigs (Ø < 6 mm) and round wood (Ø ≥ 6 mm) in proportion to the respective components that occur in a 10 year old fuel accumulation (Burrows, 1994; O'Connell & Menage, 1982 ) (supplementary Table S1 ). For wild oats, all of its above ground biomass was considered a single component (100% fuel source) since all of it combusts during a fire event.
Grapevine smoke exposure experiment
The smoke exposure experiment was set up as a completely randomised block design in a commercial vineyard containing 10 year old Vitis vinifera L. cv. Merlot vines. To minimise variability in experimental units within a block, each block was carefully selected for vines of uniform canopy size and crop load. The treatments, for smoke generation and exposure, consisted of the five vegetation fuel types described above plus a control (i.e., vines not exposed to smoke). Within each block, the treatments plus the control were randomly allocated to experimental units. Each experimental unit consisted of a panel of five vines.
Experimental units were separated by at least two panels of vines to avoid smoke cross contamination. Each block containing the full treatment structure was replicated five times, thus there were a total of 30 experimental units.
Smoke exposure of the experimental vines was carried out, 14 d post-veraison, in a purpose built tent as described by Kennison et al. (2008) . For smoke generation, 1 kg of fuel sample was combusted inside a custom built pyrolysis chamber that allowed a controlled replication of the wild fire temperature versus time profiles reported in Gould et al. (2007) .
The resulting smoke was delivered, via a flexible steel tube, to a 63 m 3 tent enclosing each replicate vine panel. Each smoke exposure event lasted 30 minutes. The smoke densitydefined as an obscuration by particulate matter larger than 2.5 μm (PM 2.5 ) -was recorded for the entire duration of each smoke exposure event using a Laser Focus VLF-250 nephelometer (Xtralis, Mawson Lakes, South Australia). In each case, obscuration exceeded the instrument's maximum reading of 32%. Control vines were similarly enclosed in an identical tent for the same duration to minimise differences in environmental conditions between smoke treated and control vines.
Harvest and vine size assessments
The fruits from each replicate panel were harvested separately at commercial maturity, total soluble solids of ~23 °Brix, six weeks after smoking treatments. The mass of fruit from each replicate, as well as the number of bunches and the mass of 200 randomly selected berries were determined. Leaf area per panel was estimated from the product of average leaf area per cane and the total number of canes per panel. Details on harvest and leaf area are given in supplementary Table S2 . Table S1 . Subsamples were then analysed for cellulose, hemicellulose and lignin at the Western Australian Chemistry Centre (Perth) according to the method of van Soest & Wine (1967) . Each analyte was determined in triplicate.
Wine making
Lignin composition of fuels via pyrolysis gas chromatography-mass spectrometry (Py
GC-MS)
For lignin composition analysis, subsamples of fuels reconstituted as described above were pulverized to < 0.5 m particle size. Approximately 0.1 mg was then weighed into quartz tubes and flash pyrolysed for 20 sec at 550°C using a CDS Analytical 5250 Automated Pyroprobe (Oxford, Pennsylvania, USA). The transfer line from the pyroprobe to the GC-MS system was operated at 300°C and the GC-MS analyses were performed on an HP6890A Gas Chromatograph (Hewlett Packard, Santa Clara, California, USA) interfaced to an HP5973A Mass Selective Detector. A 60 m x 0.25 mm x 0.25 μm DB-5MS capillary column (Agilent J&W, Santa Clara, USA) was used for the analyses with a helium carrier in constant flow mode at 1.2 mL/min with a 40:1 inlet split. The GC oven was cooled to -20ºC, held for 1 min and then heated at 8ºC/min to 40ºC. The oven temperature was then ramped to 320ºC at 4ºC/min and held at 320ºC for 25 min. The mass selective detector was scanned between m/z carried out in triplicate. The lignin derived compounds were identified by comparing their mass spectra with the NIST and/or Wiley spectral libraries or by comparison to reported spectra in the literature (Ralph & Hatfield, 1991) . Individual lignin pyrolysates were quantified by their relative percentage area of the total ion chromatograms of all the lignin pyrolysates.
Smoke composition
The smoke samples were analysed by thermal desorption gas chromatography mass spectrometry (TD GC-MS) on an HP6890A GC interfaced to an HP5973A Mass Selective
Detector and Unity 2 single tube, two stage desorption unit as described in Bates et al. (2008) and Vitzthum von Eckstaedt et al. (2011) . Briefly, the smoke sample containing tubes were thermally desorbed at 300 ºC for 5 min (first stage desorption); the desorbed samples were transferred in a helium gas stream (>25 mL/min) to a cold trap (10ºC) to refocus the compounds. The refocusing cold trap was subsequently heated at 100ºC/sec to 300ºC and held isothermally for 1 min (second stage desorption). The compounds desorbed from the refocusing trap were transferred, in a helium stream at 1 mL/min, to the GC column via a deactivated fused silica capillary transfer line that was maintained at 120ºC. Samples were analysed on a 60 m x 0.25 mm x 0.25 μm Agilent DB5-MS column with a helium carrier gas in constant flow mode at 1.1 mL/min. The GC was set at constant pressure and run in splitless mode. All sample splits were carried out at the desorption stage. The DB-5MS column was run with an initial temperature of 40ºC ramped at 4ºC/min to 300ºC and held isothermally for 10 min.
Free and glycoside-bound putative smoke taint compounds in wines
Lignin-derived putative smoke taint (volatiles and glycoside-bound forms) compounds in wines were extracted and analysed using GC-MS as described by Singh et al. (2011; in Press) . In the present study, the glycoside-bound lignin pyrolysis products in wines refer to values determined after strong acid hydrolysis as detailed in Singh et al. (in Press) .
Data analyses
Data were analysed according to a completely randomised block design model (with one factor and five replicates). Reported treatment effects discussed herein, unless indicated otherwise, were significant at p < 0.05. Analyses were carried out using SPSS 20 (IBM ® SPSS ® Statistics) and GenStat 13 th Edition (VSN International Ltd., UK).
Results
Lignocellulose composition of fuels
The cellulose contents of all fuels varied over a relatively narrow range (24 to 29%) except in oat for which cellulose made up about half of the fuel mass (Table 1 ). The hemicellulose contents of the tree fuels (hardwood or softwood) were also similar averaging at 8.6%, which was substantially lower than the 28% for oats fuels. In terms of lignin, the five vegetation fuel types fell into three distinct groupings. The oats fuel at 7.8% had the lowest lignin concentration, the three hardwoods with an average of 26% were intermediate and the softwood fuel, with a lignin concentration nearly six times that of oats, had the highest level (44.5%)
Fuel lignin composition
The lignin pyrolysis products of fuels from the Py GC-MS analysis are shown in Table 2 . All the angiosperm fuels (the three hardwoods and wild oats) contained lignin pyrolysates from all three lignin units ( Table 2) . As expected, the pine fuel contained no syringyl products. For the pine and oat fuels, 70-80% of the total lignin products pyrogram peak area was contributed by guaiacyl derivatives. For the hardwood fuels, ≥ 80% of the lignin pyrolysis products were syringyl and guaiacyl phenols.
Of the p-hydroxyphenyl derivatives, phenol and the three isomers of cresol were the dominant pyrolysis products (accounting for 75-87% of peak areas) irrespective of fuel type (Table 2 ). The balance was mainly made up by dimethylphenols and 4-ethylphenol. With respect to the guaiacyl lignin products, 4-vinylguaiacol was the single most abundant pryolysate in all the five fuel types, particularly in the wild oats and pine fuels. Other pyrolysates with high relative abundance included guaiacol, 4-methylguaiacol and 4-ethylguaiacol, vanillin, cis-isoeugenol and acetovanillone (Table 2 ). For the angiosperm fuels, the relative abundances of the syringyl-derived pyrolysates were similar among the hardwood trees; however, in the wild oats, the relative abundances of the syringyl-derived products, except syringol, were consistently less than those of the hardwoods.
Volatile phenols in smoke emissions
Smoke emissions from pyrolysis of the five fuels during the vine smoke exposure experiment contained a range of lignin pyrolysates (Table 3 ). All five fuels had relatively high levels of the following p-hydroxyphenyl derivatives: phenol, o-, p-and m-cresols, 4-ethylphenol and 2,4-dimethylphenol. Of the guaiacyl derivatives, the dominant compounds in the smoke emissions from each fuel were guaiacol, 4-methylguaiacol, 4-ethylguaiacol, eugenol and vanillin. By contrast, only syringol was the significant pyrolysate from the syringyl unit of lignin from each fuel type except the pine fuel which had no syringyl products in its smoke emissions. The smoke emissions from prescribed burns of marri-, karri-dominated forests as well as a wild oats pasture had similar lignin pryolysate profiles (Table 3) as those of the respective fuels during the vineyard experiment.
Putative smoke taint compounds in wines 3.4.1. Total (free and bound) lignin-derived putative smoke taint compounds in wines
Wines from unsmoked, control, grapes contained relatively high background levels (311 g/L) of total (free and bound) lignin degradation products (Table 4) . Smoke exposure of vines 14 d after the onset of grape ripening significantly increased the total concentrations of lignin-derived compounds in wines. This increase was fuel type dependent and ranged from 74% in the karri smoke treatment to 146% in the wild oats smoke treatment (Table 4 ).
Significant increases also occurred across all three lignin unit derivatives; however, the average magnitude of increases differed in the following order: guaiacyl derivatives (362%) > p-hydroxyphenyl derivatives (221%) > syringyl derivatives (72%) ( Table 4) . Irrespective of fuel type or smoke exposure, syringyl derivatives dominated the total pool of lignin-derived compounds, accounting for between 54 and 78% (Table 4 ). The remainder was approximately equally apportioned between the p-hydroxyphenyl and guaiacyl groups of compounds in oat and pine smoke-affected wines, while in the control and hardwood smoke affected wines, the p-hydroxyphenyl derived compounds accounted for a consistently higher proportion than the guaiacyl derivatives.
The smoke-derived compounds in wines showed no correspondence with the lignin composition of the pyrolysed fuels. Thus, wines from grapes exposed to smoke of the pine fuel, the lignin of which contains no syringyl moieties or detectable syringyl derivatives in its smoke, unexpectedly contained high levels of syringyl products (Table 4) . Indeed, smoke of gymnosperm and angiosperm fuels elicited equivalent levels of total syringyl derivatives in wines.
Of the p-hydroxyphenyl lignin derivatives, phenol, o-, p-, m-cresol and 4-ethylphenol were consistently present in both smoke affected and unaffected wines. However, in smoke affected wines all these compounds were significantly elevated (Table 4) . While phenol was generally the single largest component of the p-hydroxyphenyl derivatives, the combined cresols (free and glycoside-bound o-, p-, and m-cresol) dominated (67-75%) the total phydroxyphenyl pool (Table 4) .
Of the guaiacyl group, vanillin and acetovanillone were present at considerably higher total (glycoside-bound plus free) concentrations than any others. Nonetheless, the levels of these two compounds were independent of smoke exposure (Table 4 ). The guaiacyl derivatives that increased due to smoke exposure were guaiacol, 4-methylguaiacol, 4-ethylguaiacol, 4-propylguaiacol and 4-vinylguaiacol (Table 6 ). Of the total pool of five guaiacyl derivatives that responded to smoke exposure, guaiacol was by far the largest (54-70%) component with 4-methylguaiacol a distant second at 19-37% contribution (Table 4) .
Control wines contained moderately high, 241 g/L, total (volatile plus glycoconjugates)
concentrations of the syringyl-derived compounds syringol, syringaldehyde and acetosyringone (Table 4 ). In smoke-affected wines, total concentrations of all these syringyl compounds including 4-methylsyringol were significantly elevated with the exception of syringaldehyde in pine or wild oats smoke affected wines (Table 4) . Unexpectedly, wines made from grapes exposed to pine fuel smoke contained syringol and acetosyringone which, respectively, were 1.6 and 2.0 times the levels found in control wines (Table 4) .
Some of the lignin pyrolysis products that were present in Py GC-MS (fuels) and/or TD GC-MS (smoke emissions) were either not detected or present below their detection limits in Tables 2, 3 and 4).
Effect of smoke exposure on glycoside-bound lignin derivatives in wine
Averaged across fuel types, the total pool of glycoconjugated lignin derivatives was more than 2.8 times the levels found in control wines (Table 5) . Once again, the largest response to smoke exposure occurred in the total concentration of the guaiacyl derivatives (4.3-fold)
followed by p-hydroxyphenyl (3-fold) with the least responsive being the total of syringyl products (1.8-fold).
Control wines contained measurable levels (3.6 -12.4 g/L) of glycoconjugates of phenol, o-cresol, m-cresol, p-cresol and 4-ethylphenol (Table 5) . While no additional non-volatiles of p-hydroxyphenyl origin were detected in smoke affected wines, smoke exposure increased the concentrations of these five compounds by up to 8-fold (Table 5 ). The effects of fuel type and/or the smoke exposure treatments on the levels of the glycoside-bound p-hydroxyphenyl derivatives closely tracked the effects observed on the total (free-and glycoside-forms) phydroxyphenyl compounds (cf. Table 4 and 5). Thus, karri smoke affected wines, while significantly different from the control wines, contained lower concentrations of each of the glycoside-bound p-hydroxyphenyl compounds than wines from grapes exposed to smoke from any of the other four fuels (Table 5) . Similarly, regardless of fuel type or smoke exposure, the cresol isomers as a group dominated (56-60%) the glycoside-bound pool of phydroxyphenyl derivatives (Table 5 ).
The total concentrations of glycoconjugated guaiacyl derivatives (guaiacol, 4-methylguaiacol, 4-ethylguaiacol, 4-propylguaiacol and 4-vinylguaiacol) in smoke affected wines were 3 to 5.5 times the level in unsmoked, control wines (Table 5) . Of the fuel types, the pine and oat fuels yielded significantly higher total concentrations of glycoside-bound guaiacyl derivatives in wines than any of the hardwood fuels.
Generally, smoke exposure also significantly elevated individual glycoside-bound compounds of guaiacyl lignin origin. Quantitatively, however, guaiacol and 4-methylguaiacol were the dominant components, respectively accounting for 56-69 % and 20-38% of the total glycoside-bound guaiacyl derived compounds in smoke affected wines. Interestingly, the bound 4-methylguaiacol levels of wines from pine smoke exposed grapes were 1.9 times those from the wines affected by the other fuel types. In control wines, glycoside-conjugates of 4-ethylguaiacol, 4-propylguaiacol and 4-vinylguaiacol were below quantitation limits as was 4-propylguaiacol from the jarrah treatment.
Control wines contained substantial background levels (72 g/L) of total glycoconjugates of syringyl compounds (Table 5) . Smoke exposure further raised the already high background concentrations, depending on vegetation fuel type, by 22-124% (Table 5 ). However, syringol was the only compound significantly elevated across all fuel types including the pine fuel.
Whilst exposure of grapes to smoke of the gymnosperm fuel, compared to the control, significantly increased the syringol concentration in wines (26.5 vs 9.8 g/L), the effect of the gymnosperm fuel smoke was less than the effect of smoke from the angiosperm fuels, i.e.
hardwoods and wild oats (Table 5) . Interestingly, no glycoside-bound 4-methylsyringol was detected (< 1.5 g/L) in any of the wines.
Syringaldehyde and acetosyringone were the other glycoside-bound syringyl-derivatives affected by smoke. In particular, while wines from the control, pine or wild oats treatments contained comparable levels of these compounds, smoke from the hardwood fuels significantly elevated concentrations of glycoside-bound syringaldehyde and acetosyringone in wines (Table 5) .
Effect of smoke exposure on free phenols in wine
The total level of volatile lignin derivatives in smoke affected wines was, on average, nearly double the levels found in control wines (Table 6 ). Smoke exposure also significantly increased the total concentrations of volatiles in each of the three lignin types. However, the relative responses were different. Relative to the respective levels in control wines, the volatile guaiacyl derivatives were the most responsive to smoke exposure (~ 6.5 times),
followed by the total of p-hydroxyphenyl products (~ 5-fold) while the syringyl derivatives were the least responsive (1.7 times) reflecting the high background level of syringyl derivatives in wines. However, irrespective of smoke exposure, the syringyl derivatives were the dominant (77-94%) components of the total pool of volatile phenols in the wines (Table   6 ). The remainder of the total volatile phenols pool was approximately equally contributed by the p-hydroxyphenyl and guaiacyl derivatives.
Of the volatiles of the p-hydroxyphenyl derivatives, while phenol was the single largest (32-38%) component in wines from smoke exposed grapes, regardless of smoke exposure, the cresols as a group once again dominated (50-70%) the total of free p-hydroxyphenyl derivatives (Table 6 ). Of the free guaiacyl derivatives, only guaiacol and 4-methylguaiacol were consistently found in quantifiable levels regardless of smoke exposure. As expected, however, the concentrations of these analytes were significantly higher in wines from smoke exposed grapes than from control grapes ( Table 6 ). The other guaiacyl lignin derivatives (4-ethylguaiacol, 4-propylguaiacol and 4-vinylguaiacol) were present at trace levels. Thus, free guaiacol and 4-methylguaiacol were the dominant volatile components, jointly accounting for 82-100% of the total pool of guaiacyl derivatives, as was the case with the glycoside-bound forms (cf. Table 5 and Table 6 ).
Control wines contained substantial levels of volatile syringol and acetosyringone (72 and 97 g/L, respectively). Smoke exposure, regardless of fuel type, significantly increased the levels of these compounds (Table 6 ). 4-methylsyringol was not detected in control wines but was present at low levels in all wines made from grapes exposed to smoke. Although all wines, irrespective of smoke exposure, had moderate levels (≥ 48 g/L) of glycoside-bound syringaldehyde, 19 months after bottling, no free syringaldehyde was detected (< 3 g/L) in any of the wines.
Smoke exposure also significantly increased (depending on fuel type by 37-88%) the total concentrations of the free syringyl derivatives. Regardless of smoke exposure, > 96% of the total free pool of syringyl derivatives in wines was contributed by acetosyringone (53-65%) and syringol (33-46%). Surprisingly, the wines from vines exposed to pine fuel smoke,
showed the highest concentration of total free syringyl derivatives (318 g/L).
Distribution of the lignin-derived compounds between the free and glycoside-bound pools
In all wines, after 19 months of bottle storage, both the p-hydroxyphenyl and guaiacyl derivatives were predominantly present as glycoconjugates ( Fig. 1) , with the free volatile components of each group accounting for less than 30% of the total pools. By contrast, most (61-78%) of the syringyl derivatives were present in free forms (Fig. 1) . Nonetheless, even after 19 months, some syringyl derivatives such as syringaldehyde were detected only in the bound form.
Influence of canopy size on accretion of lignin pyrolysis products in wine
The concentrations of several of the lignin pyrolysis products in wines from smoke exposed grapes showed consistent negative correlations with vine leaf area as well as with leaf area per bunch (Fig. 2) .
Discussion
Fuel and smoke composition
In this study taxonomically distinct groups of vegetation fuels with different lignin composition were used to generate smoke, under conditions that reproduce bushfire pyrolysis temperature profiles, for fumigating grapevines at the start of grape ripening. The primary aim was to examine influence of the lignin makeup of vegetation on lignin pyrolysis products (potential smoke taint compounds) that accrue in wine as a result of exposure of grapes to smoke so generated. In a bushfire event, all components of vegetation, including partially decomposed litter from the soil surface, contribute to the resulting smoke. Each of the fuels used here was thus compiled in proportion to components of the respective vegetation fuel types that are pyrolysed during a decadal bushfire event -the typical forest fire management burn cycle in the studied wine region. In fuels such as these that comprise variously decomposed components, it is pertinent that the fuels retain compositional variation characteristic of the vegetation types used. In this respect, the lignocellulose analyses results were broadly consistent with the expected composition of these vegetation types (Lebo et al., 2001 ). Nonetheless, the radiata pine fuel had a higher lignin concentration than was expected.
This was due to the high (90%) contribution of needles, which have lignin concentration in the range of 37% (in freshly senesced needles) to > 50% (in old, partially decomposed needles) (Girisha et al., 2003) .
A further detailed analysis of the lignin composition of the five fuel types indicated that while the angiosperms (hardwood trees and wild oats fuels) contained lignin pyrolysis products from all three lignin units, the dominant components were the guaiacyl derivatives in wild oats, and the syringyl followed by guaiacyl compounds in hardwoods. Guaiacol and substituted guaiacols were the principal components of pine fuel lignin; however it contained no syringyl derivatives as expected for a gymnosperm specimen (Kjällstrand et al., 2000; Nolte et al., 2001; Greenwood et al., 2002; Pettersen, 1984) although trace levels are sometimes reported (Kristensen et al., 2009 ) in spite of the general absence of the requisite syringyl lignin biosynthetic enzymes in gymnosperms (Weng & Chapple, 2010) . On the whole, despite the inclusion of partially degraded components in the fuel samples, the relative proportions of the lignin derivatives were still distinct enough to characterise the fuels into the three lignin types (grass, hardwood and softwood) (Higuchi, 1990; Pettersen, 1984; Buranov & Mazza, 2008) (Table 2, emissions, the results from the pine fuel, as discussed below, exemplify an exception to this generalisation. Volatile phenols emission profiles from the prescribed burns and from smoke generated during the vineyard experiment were broadly similar, indicating that (1) the pyrolysis conditions during the vineyard smoke exposure successfully simulated bushfire/prescribed burn conditions, and (2) as a result, the vines and grapes were exposed to the types of volatile phenols that would occur in bushfire and/or prescribed burn smoke.
Although the emissions profiles of volatile phenols from the prescribed burns and vineyard experiment were similar in this study (cf., Table 2 and 3), the relative abundances, especially of syringyl and guaiacyl derivatives, were lower than those reported from prescribed burn emissions in the Adelaide Hills, South Australia (Hayasaka et al., 2010a) . However, in the latter case, sampling was carried out in winter when conditions are likely to favour smouldering, which increases the yield of these methoxyphenols (Kjällstrand et al., 2000) .
Much of the earlier work into smoke taint in wines focussed on accretion of guaiacyl lignin derivatives (Kennison et al., 2007; Sheppard et al., 2009; Singh et al., 2011) . The
results from this study demonstrate that wines made from smoke exposed grapes, compared to controls, can accrue significantly elevated levels of other phenols (Tables 4-6) that are emitted in smoke during pyrolysis of lignin (Table 3) wines. However, in this controlled smoke exposure experiment, as in our study of wines made from grapes exposed to wildfire generated smoke (Singh et al., in Press) , a broader range of lignin pyrolysis products are identified than has been reported hitherto. This is indicative of the possibility that more compounds may contribute to smoke taint aroma of smoke affected wines than the few volatile phenols implicated to date. This is consistent with the suggestion that sensory descriptors of smoke affected wines are varied and more complex than those imparted by the commonly used smoke taint marker compounds, guaiacol and 4-methylguaiacol (Kennison et al., 2007; Hayasaka et al., 2010a) .
This study also revealed that while the levels of the commonly reported smoke taint markers, guaiacol and 4-methyl guaiacol, were certainly the dominant components of the guaiacyl lignin derived compounds, these represented only about 20% of the total pool of lignin derived putative smoke taint compounds in wines. Instead, the quantitatively dominant contributors (> 50%) were pyrolysis products of syringyl lignin, while phenol and substituted phenols were of broadly comparable abundance as guaiacol and substituted guaiacols (Table   4 ). Comparable proportions have been found in wines of several varieties exposed to wildfire smoke (Singh et al., in Press) . However, some perspective is warranted on relative contributions of different phenol groups to the total pool. Firstly, the quantitative relative abundance of putative taint compounds does not necessarily indicate the respective compound's taint impact owing to differences in aroma and/or taste perception threshold concentrations. Thus, for example, while syringol was present at a far higher level than guaiacol (101 vs. 19 g/L), its perception threshold concentration is also high (for example, in red wine 570 vs. 75 g/L, cited in Petruzzi et al., 2010 ). Yet, in grapes exposed to high density bushfire smoke for an extended period, the total pool of syringol and substituted syringols can reach 25 times (~10 ppm) the levels found in this limited duration smoke exposure experiment (Singh et al., in Press) , and hence can far exceed their apparent high perception threshold . Secondly, the comparison above, of guaiacols vs. syringols, may be slightly skewed towards the latter. Here, the total of each of these compounds was estimated from the sum of the volatiles released during fermentation and those released from acid hydrolysis of the glycoside-bound phenols. According to Hayasaka et al. (2010a) , however, yields of phenol, guaiacol and their substituted forms from acid hydrolysis of the respective glycoconjugates are considerably less (<10%) than that of glycoside-bound syringol and 4-methylsyringol (33%).
Wines made from smoke unexposed grapes (control treatment) contained a high total (241 g/L) of endogenous volatile and glycoside-bound syringyl products. Given that grapevine lignin contains syringyl derivatives archetypal of a woody angiosperm (Guillén & Ibargoitia, 1996) and that grape juice was fermented on skins (thus facilitating hydrolytic release of lignin units into wine (Loscos et al., 2009) ), the presence of syringyl derivatives, albeit at high levels, is plausible (see also Singh et al., in Press) . The observed significant increases in the concentrations of total syringols and substituted syringols in wines impacted by smoke of the angiosperm fuels (the three hardwoods and wild oat) may be attributable to exogenous uptake due to the presence of syringyl derivatives in fuels (Table 2 ) and more significantly in their smoke emissions (Table 3 ). The provenance for the elevated levels of syringols in wines from pine smoke exposed grapes (Table 4 -6) however cannot be similarly attributed since syringyl derivatives were expectedly lacking in this fuel and its smoke emissions. During smoke exposure of vines/grapes due care was taken to avoid smoke cross contamination from smoke of the angiosperm fuels. At any rate, if contamination was a mechanism, the control wines would have comparable levels to the pine smoke impacted wines. A further experiment is underway to understand the mechanism for the observed increase in syringyl products in wines from pine smoke exposed grapes.
Relative abundances of free and bound phenols in wine
Nineteen months after bottling, the distribution of putative smoke taint compounds in wines between glycoside-bound and volatile pools differed according to lignin class. Regardless of the applied smoke treatments, pyrolysates of p-hydroxyphenyl and guaiacyl origin were predominantly (72-87%) present as glycoconjugates, with free forms making up the balance.
By contrast, syringol and substituted syringols released after acid hydrolysis made up < 40% of the total pool of syringyl derivatives in wines (Fig. 1) . The predominance of glycosidebound phenol, guaiacol and their substituted forms over the volatile forms is broadly consistent with previous findings (Singh et al., 2011; Hayasaka et al., 2010a, c; . The results for the syringyl derivatives, however, contrasts with those reported in Hayasaka et al. (2010a) who found that levels of volatile syringol and 4-methylsyringol in both red and white wines were < 4% of the total pool (i.e., total of volatiles after acid hydrolysis) for each of these compounds. The reason for this disparity is not clear. However, the wines in this study, unlike those of Hayasaka et al. (2010a) , were analysed 19 months after bottling, the typical red wine maturation duration. The relatively long storage under the mildly acidic environment of wines coupled with syringols possibly having a weak glycoside bond (Hayasaka et al., 2010a) may have facilitated slow release of syringol and substituted syringols from their glycosides thus tilting the balance in favour of the free forms. Regardless of the mechanism, however, the observation that 19 months after bottling more than 70% of the phenol, guaiacol and their substituted forms exist as glycoconjugates presents a significant practical problem in smoke taint management. It also presents a challenge for efforts to remove volatile smoke taint compounds from wines through reverse osmosis filtration (Fudge et al., 2011) since the major "taint" reservoir (glycoconjugates) still remains in wines.
Influences of vine canopy size and type of lignin pyrolysed on concentrations of putative smoke taint in wine
In nearly all of the lignin pyrolysis products, the concentrations of phenols in wines were negatively correlated to vine canopy leaf area as well as the leaf area per bunch (Fig. 2) . The mechanism of accretion of smoke borne lignin pyrolysates in berries is not well understood.
Some of the possibilities include direct uptake of lignin products in smoke emissions by berries and/or foliar uptake and subsequent translocation and sequestration in berries. Tracer studies have shown leaves and/or berries take up phenols (Beattie & Seibel, 2007; Hayasaka et al., 2010b) , although only trace quantities are subsequently translocated to berries (Hayasaka et al., 2010b) . If the mechanism of uptake in berries was primarily through the leaves, then a positive relationship between canopy size (absorptive surface area) and taint concentration would be expected instead of the inverse relationship found in the current study. This suggests that direct uptake by berries may be a significant contributor to accumulation of phenols in berries. Phenol, guaiacol, syringol and their substituted forms from lignin pyrolysis are emitted in gas phase and particle phase, and particularly for some of the syringyl derivatives such as acetosyringone . While canopy area may have minimal effect on uptake of emissions from gas phase, a denser canopy can intercept particulate phase emissions, and thus reduce contact with the surface of berries. The negative relationship we observed between leaf area per bunch and concentration of phenols (i.e., the more the grapes are sheltered by foliage the less the "taint" concentration) is consistent with this explanation. Furthermore, the correlation was stronger for acetosyringone whose relative emission in particle phase is high compared to other lignin pyrolysis emissions ).
The vegetation fuels used in this study were chosen to investigate links between the pyrolysis of different lignin sources and the appearance of putative smoke taint compounds in wines. The results, particularly of wines from the pine smoke treatment, have revealed that the lignin pyrolysis products that accrue in wines do not necessarily discern the lignin composition of the pyrolysed fuel. Further work is needed to address marker compound(s)
based apportionment or attribution of vegetation-type source of smoke taint.
Conclusions
In this study vegetation fuels with varying lignin makeup were used to generate smoke and fumigate vines at the start of berry ripening. The aim was to examine whether putative smoke taint compounds that accumulate in wines following exposure of grapes to a bushfire event reflect the lignin composition of vegetation that is pyrolysed. The results showed a broader range of lignin pyrolysis products in wines than have been reported to date, suggesting more compounds are likely to contribute to the perceived smoke taint than have been implicated.
The effect of vegetation fuel types was less about changes in the identity of compounds than their quantities. Thus, and more significantly, fuel lignin makeup does not appear to be a good indicator of the types of lignin pyrolysis products that become elevated in wines. This is predicated on the finding that radiata pine fuel which did not contain syringyl units in its lignin nor pyrolysis products of syringyl units in its smoke emission gave rise to significantly elevated levels of syringols and substituted syringols in wines made from grapes exposed to pine smoke. The mechanism for this observation is not clear, but further work is underway to better understand this response.
This work also demonstrated that several phenols other than guaiacyl products (i.e.
guaiacol and 4-methylguaiacol, the routinely used smoke "taint" measures) are present in wines at similar or higher concentrations than the guaiacyl phenols. Significant among these are the p-hydroxyphenyl lignin degradation products (phenol, o-, m-, and p-cresol) and syringol. The cumulative levels of these "other" phenols are considerably higher than those of the guaiacols. Since smoke tainted wines have sensory characteristics beyond those that could be attributed to guaiacols, the p-hydroxyphenyl products and syringols, which become elevated following smoke exposure, are possible candidates to account for the additional smoke taint characteristics in wines. Toth, L., & Potthast, K. (1984) . Chemical aspects of the smoking of meat and meat products. The smoke samples from a prescribed burn of wild oats were collected in April 2010 from the same paddock which provided the wild oats fuel for the vine smoke exposure experiment. The paddock was ignited in the most upwind point and the fire was allowed to carry for thirty meters before sampling began. In the prescribed burning sampling events, the smoke laden air was drawn through at 200 ml/min using an SKC 222-3 personal air sampler (SKC, Eighty Four, Pennsylvania, USA). The sample pump was held in front of the flaming fire front for approximately 1 min before the fire front passed over the sample pump and TD tube held at a height of 1 m. The total sample time for each prescribed burn was thirty minutes. Supplementary Fig. S2 . A) Canonical variate analysis of Py GC-MS data showing distinct grouping of fuels with respect to their lignin composition. Fuel types are: O, wild oats; P, pine; K, karri; J, jarrah; and M, marri. The circles around each fuel are the 95% confidence regions. Note that the fuels are grouped into three broadly different groups representing grass, pine and the three hardwood trees. B) cluster analysis of fuel lignin composition showing the fuels as falling into three distinct groups based on similarity of their lignin makeup. For the tree fuels, the percentages given in Table S1 are considered to be representative of 10 year old fuel accumulations for the respective vegetation types. For the jarrah fuel, the percentage biomass components were derived from data of Burrows (1994) . No such data were found for marri, and its fuel components were approximated using the jarrah ratios since the two species usually co-occur in the southwest forests. Karri fuel components were interpolated to 10 year accumulations from the data published by O'Connell and Menage (1982) . For the pine fuel, the components were combined from a comparison of unburnt and wildfire burnt pine plantations in the region. For wild oats, all of its aboveground biomass was considered a single component (100% fuel source) since all of it combusts during a fire event. To estimate vine canopy size/leaf area, the total number of canes for all vines in each of the 30 panels were counted and recorded shortly after fruit harvest. Then samples of two canes with their subtending leaves were taken from two vines in each panel. The leaves of these sample canes were removed, counted and immediately weighed. Total leaf area for each of these canes was calculated from the average mass of 50 randomly selected 16 cm 2 leaf disk cuttings. The total leaf area per panel was then estimated from the product of average leaf area per cane and the total number of canes per panel. There were no significant treatment effects (p > 0.05) on vine canopy size measures (leaf area and cane numbers), yield and yield components (berry weight, berry and bunch numbers, and fruit yield), as well as harvest quality indicators (levels of total soluble solids, titratable acidity, malic acid and pH).
Journal of Food
